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Communicated by D. D. Van Slyke, April 12, 1966

Impressive advancements in methods of synthesis and purification of peptides in
the last 15 years have set the stage for the synthesis of polypeptide chains of length
and complexity comparable to that of low-molecular-weight proteins.1 On this
premise, studies had been initiated in our laboratory directed toward the synthesis
of insulin based on the assumption that air oxidation of a mixture of the sulfhydryl
forms of chemically synthesized A and B chains should generate insulin. In-
dependent studies with natural insulin chains in two laboratories verified this as-
sumption, even before the completion of our synthetic work. Dixon and Wardlaw3
and Du et al.4 reported the cleavage of insulin to its two chains by oxidative sul-
fitolysis, i.e., by reaction with sulfite in the presence of an oxidizing agent according
to equation (1). Separation of the chains in the S-sulfonate form was followed by
reconversion to their sulfhydryl form on treatment with a thiol. Finally, insulin
was regenerated by air oxidation of a mixture of the sulfhydryl forms of the two
chains.

RSSR + SO3-- = RSSO3- + RS
1 1 (1)

oxidizing agent

The over-all process of cleavage and regeneration of insulin is illustrated in Figure
1. Subsequent to these reports we completed the synthesis and isolation in the
S-sulfonate form of the A and B chains of sheep insulin,5' 6 and more recently, of
human insulin.7' 8 Combination experiments between the sulfhydryl forms of the
corresponding synthetic chains according to the scheme in Figure 1 led to the genera-
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FIG. l.-Cleavage and resynthesis of insulin from its separated chains: (1) sulfitolysis with
Na2SO3 + Na2S406; (2) conversion of the S-sulfonated chains to their salfhydryl form by treat-
ment with mercaptoethanol or thioglycollic acid; (3) air-oxidation of the reduced chains to form
insulin.

tion of sheep and human insulin. In addition, combination experiments between
these synthetic chains with the corresponding natural chains of bovine insulin by
the same route produced the respective hybrid insulins. Initially, the over-all
yield of insulin formed (calculated on the basis of the S-sulfonate of the B chain
used) was approximately 2 per cent of theory when two synthetic chains were com-
bined, and ranged between 4 and 8 per centwhen either synthetic chainwas combined
with one prepared by oxidative sulfitolysis of natural insulin.9 The reported yields
for insulin synthesis by combination of the sulfhydryl forms of natural A and B
chains, prepared by oxidative sulfitolysis of insulin followed by reduction with mer-
captoethanol, vary considerably. Dixon and Wardlaw3 obtained a yield of 1-2 per
cent of theory, whereas Du et al.4 reported a yield of 510 per cent. More recently,
Du et al.'0 indicated a yield of close to 50 per cent of theory in insulin generation by
recombination of natural A and B chains of bovine insulin. However, in this case
it appears that the yield is not calculated on the basis of the amounts of the starting
chains but on the basis of the specific activity of the final oxidation product. On the
basis of the S-sulfonate of theB chain used, the yield of insulin produced by recombi-
nation of natural chains of bovine insulin obtained in our laboratory under the con-
ditions followed by Du et al.'0 was approximately 12-16 per cent of theory.9 In this
paper we describe a method for combining the A and B chains to produce insulin in
yields ranging from 60 to 80 per cent (based on the amount of S-sulfonate of the B
chain used; uncorrected for water content of the chains which amounts to 5% per
chain) when natural chains of bovine insulin are recombined. The improved yields
of insulin were obtained by reaction of the S-sulfonated form of the B chain with sev-
eralfold excess of the sulfhydryl form of the A chain.
Experimental.-The water used in these experiments was deaerated by extensive boiling under

nitrogen. All reagents used were of analytical grade. The natural S-sulfonated forms of A and B
chains (ASS0O- and BSSOa-, respectively) were prepared by oxidative sulfitolysis of bovine
insulin by a new procedure.9 11

Biological assays: Insulin determinations were carried out by the mouse convulsion method.
Each unknown sample was assayed for 3-4 consecutive days. Each day a new insulin standard
was used. Two concentrations of the standard and three concentrations of the unknown sample
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were injected each day into five groups of 12-16 mice each. For the complete assay of a particular
sample, a total of 180-200 mice were used. The reported assay values are the average figures of
the 3- or 4-day assays. Highly purified crystalline zinc insulin (bovine) from Eli Lilly and Co.,
Indianapolis, with a specific activity of 25 IU, was used for the preparation of the reference
standards.

Insulin synthesis by recombination of the sulfhydryl form of the B chain with a large excess of the
sulfhydrylform of the A chain: A mixture of BSSO3- (10 mg) and ASS03- (42 mg) was dissolved
in water (9 ml) by adding a few drops of 1 N NaOH. The solution was subsequently adjusted to
pH 5.0 with 1 N acetic acid (whereupon a homogeneous precipitate formed), cooled to 00, and,
after adding 1 M mercaptoethanol (1 ml) and deaerating with an aspirator, was heated in a boil-
ing water bath for 6 min. The entire operation was carried out in a nitrogen atmosphere. The
reaction mixture was then cooled, adjusted to pH 3.8 with 1 N acetic acid, and allowed to stand
at O'C for 10 min. The precipitated product was isolated by centrifugation (3000 rpm) and
washed consecutively with 0.2 M acetate buffer (20 ml) pH 3.8 and 0.02 Al acetate buffer (20 ml)
pH 3.8. A suspension of this precipitate in water (8 ml) was solubilized by adjusting the pH to
10.6 with 1 N NaOH, mixed with 0.1 M glycine buffer ( 1 ml) pH 10.6, and stirred at 00 in con-
tact with air for 24 hr. This solution which had a total volume of 10 mnl was then assayed for
insulin activity by the mouse convulsion method and found to possess 20 units of insulin per ml
of solution. Since the theoretical amount of insulin generation, on the basis of the S-sulfonate
of the B chain used, is 40 units per ml of solution (1.6 mg of insulin per ml), the over-all yield in
insulin formation by this method is 50%.

Insulin synthesis by interaction of the sulfhydryl form of the A chain with the S-sulfonate form of
the B chain: A solution of ASSO3- (20 mg) in water (5 ml) was adjusted to pH 5, mixed with
1 A1l mercaptoethanol (0.5-1 ml, 23- to 46-fold excess), deaerated (00C), and heated in a boiling
water bath for 4-8 min. The entire process was carried out in a nitrogen atmosphere. The reac-
tion mixture was then cooled to 10-15'C and extracted four times with 40-ml portions of ethyl
acetate. After the last extraction, the traces of ethyl acetate were removed by flushing the reac,
tion vessel with nitrogen. The resulting jelly-like product was mixed with BSSO3- (5 mg) and
water (7 ml). After adjusting the pH of the reaction mixture to 10.6 with 1 N NaOH, a clear
solution was obtained. This solution was diluted with 0.1 M glycine buffer (0.8 ml) pH 10.6,
stirred for 18-22 hr at 2CC, and then submitted to insulin assays. In 20 experiments the solu-
tion (total vol 10 ml) of the recombined product was shown to possess, by the mouse con-
vulsion method, 12-16 insulin units per ml. Since the theoretical amount of insulin formed, based
on the amount of BSSO3- used, is 20 units per ml (0.8 mg of insulin per ml), the recombination
yield by this method ranges from 60 to 80%.

Insulin synthesis by interaction of the sulfhydryl form of the A chain with a large excess of the 8-
sulfonate form of the B chain: The recombination step was carried out as in the previous experi-
ment except that only 10 mg of ASSO3- instead of 20 mg were converted to the sulfhydryl form
and then allowed to react with 30 mg of BSSO3-. The solution (10 ml) of the oxidation product
in three experiments was found to possess a total of 95-116 insulin units when assayed by the
mouse convulsion method. Since the theoretical amount of insulin formed, calculated on the
basis of ASSO3- used (10 mg), is 540 units, the recombination yield by this method ranges from
17 to 21% of theory.

Crystallization of insulin: The insulin formed by the recombination of natural bovine insulin
chains was isolated and crystallized (Fig. 3) by the procedure described by Smith.12 The crystal-
line material had an activity of 24 units per mg.

Results and Discussion.-The most efficient method for the resynthesis of insulin
from its separated chains that has been reported thus far is the procedure described
by Du et al. 10 In this method a suspension of the S-sulfonates of the A and B chains,
in a molar ratio of 1.5:1 in acetate buffer pH 5, is heated with a 25-fold excess of
mercaptoethanol for 6 min at 1000C under nitrogen atmosphere. The sulfhydryl
forms of the respective chains thus produced are precipitated at 0C and at pH 3.8,
and are then isolated by centrifugation and washed thoroughly with acetate buffer
pH 3.8. Air oxidation of the reduced chains in glycine buffer at pH 10.6 and 3-5oC
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leads to insulin formation. In a considerable number of experiments in our labora-
tory using this procedure, we obtained insulin in over-all yields ranging from 12 to
16 per cent of theory.9 The yield is calculated on the basis of the S-sulfonate of the
B chain used and includes three distinctive steps: (1) the conversion of the S-sul-
fonates of the A and B chains to the sulfhydryl form; (2) the isolation of the re-
duced chains; and (3) the oxidation of the reduced chains to the final biologically
active product. However, further studies in our laboratory on the recombination
reaction revealed that during the precipitation of the reduced chains at pH 3.8
according to the method of Du et al.,10 extensive losses of the chains and particularly
of the A chain occurred. Consequently, during the oxidation step, where the re-
duced chains are combined to form insulin, only a fraction of the original chains was
present. The loss of chains is due mainly to their partial solubility in water even
at pH 3.8, and to a lesser extent to unavoidable mechanical losses during the
centrifugation and washing steps. In the present work, such loss was minimized by
using a fivefold excess of A chain S-sulfonate and by using a high-speed centrifuga-
tion in the isolation of the sulfhydryl forms of the A and B chains. The yield of in-
sulin in the experiment,, in which both chains were in the sulfhydryl form, was thus
brought up to 50 per cent of that theoretically possible with the amount of B chain
used. This result also shows that, contrary to a recent report,1 oxidation of the
reduced A chain prior to its reaction with the B chain is not necessary.
From the original work of du Vigneaud and co-workers4-1'6 on the synthesis of the

neurohypophyseal hormones, it is clear that when the intermediate sulfhydryl
ionapeptide is air-oxidized in dilute aqueous solution, intramolecular disulfide
ring closure to form the active 20-membered cyclic octapeptide amide,

SH SH S S

is favored over the linear polymerization,

SH SH -S S S -S S -S

etc.,
or the intermolecular disulfide bond formation,

SH SH S

SH SH S S

Comparable results were also obtained by Rydon'7 in the oxidation of L-cysteinyl-
tetraglycyl-L-cysteine. In this case too, the 20-membered cyclic monomer was
formed in yields up to 90 per cent of theory, although a number of isomers are theo-
retically possible. It is therefore reasonable to expect that when the sulfhydryl
forms of the A and B chains of insulin are subjected to air oxidation in dilute
aqueous solution, disulfide ring closure to form the intrachain 20-membered cyclic
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system of the A chain will precede the intermolecular disulfide bond formation be-
tween A and B chains. Obviously then, intermolecular disulfide bond formation,
involving mainly sulfhydryl groups other than the ones participating in the intra-
chain disulfide ring structure, between A chains, between B chains, and between A
and B chains are probably the principal reactions that will compete during the oxi-
dation of a mixture of reduced A and B chains. Of course even then the number of
the possible isomers is indeed great. However, we have obtained insulin in yields
up to 50 per cent of theory when reducedAand B chainswere oxidized in dilute aque-
ous solution. This seems to imply that the necessary information for comple-
mentarity and covalent linking of the insulin chains to produce the protein is con-
tained within the primary structure of the chains, and that of all the possible
isomers that can be formed on air oxidation of the reduced chains, insulin is the
predominant one. Subsequently, conditions that further reduce the number of
isomers which might be produced by intermolecular disulfide bond formation be-
tween the same or different chains should increase substantially the yield of insulin
generation. The procedure described in this report offers such conditions and re-
sults in high recombination yields. The basis of this method is found in equation
(1). Since reaction 1 is reversible, it can be predicted that S-sulfonates will be
converted by a thiol to the respective mixed disulfide as shown below:

RSSO3- + R'S =r:± RSSR' + SO3-.

Such conversions have been demonstrated"8 for simple S-sulfonates, for S-sulfokera-
teine, and even for insulin. Du et al.4 in their earlier work on the recombination of
insulin chains have indeed caused the reduced A chain (ASH) to react with the S-
sulfonate of the B chain (BSSO3-) and have generated insulin according to equation
(2):

ASH + BSSO3- ASSB + SO3--. (2)
However, they did not pursue this route further.
We have now re-examined this reaction and found experimental conditions that

B- chain NH2 I COOK

S

I
A-chain NH2 COOK

oxidativeS

sulfitolysis (1) Insulin

(3)

SR

B-chain NH2 - COOI + A-chain NH2 COOH

1SO3 19°3 (2)
A-chain NH2 |0H

gSo3 gSo0 reduction with'S3 3
a thiol

FIG. 2.-Cleavage and resynthesis of insulin by the improved method: (1) sulfitolysis with
Na2SO8 + Na2S406; (2) conversion of the S-sulfonate of A chain to the sulfhydryl form; (3)
reaction of the sulfhydryl form of the A chain with the S-sulfonate of B chain to form insulin.



VOL. 55, 1966 BIOCHEMISTRY: KATSOYANNIS AND TOMETSKO 1559

permit recombination yields ranging from 60 to 80 per cent (uncorrected for water
content of the chains which amounts to 5% per chain), thus making it the most
efficient method for recombining insulin chains to form the active protein. The
over-all process of this improved method is illustrated in Figure 2. In view of the
previous discussion, the results obtained by this recombination method are not
surprising. The absence of free sulfhydryl groups in the B chain practically elimi-
nates generation of isomers that might have been produced by intermolecular di-
sulfide bond formation between B-chain molecules, and further diminishes the
chances of any interference with the intramolecular disulfide ring closure in the A
chain. However, the most important conclusion, from the high recombination
yields obtained, is that the available sulfhydryl groups of the A chain react prefer-
ably with the appropriate S-sulfonate groups of the B chain to give the structure
that corresponds to insulin. This strengthens the concept that the information
needed for the folding and orientation of theAand B chains in a manner that permits
their spontaneous combination to form insulin is embodied into the primary struc-
ture of the chains. It gives further support to the two-chain in vivo synthesis of
insulin as suggested by Humbel.9 The conversion of the S-sulfonate of the A
chain to its sulfhydryl form was carried out with mercaptoethanol at 100'C under
nitrogen atmosphere. Contrary to published reports,'0 the amount of mercapto-
ethanol used and the time of reaction, as judged from the yield obtained upon recom-
bination with the B chain, is not critical. A 46-fold excess of mercaptoethanol

FIG. 3.-Crystalline insulin isolated from the recombination mixture of natural A and B chains of
bovine insulin.
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affords a sulfhydryl A chain which on recombination with B chain generates prac-
tically the same amount of insulin activity as when a 23-fold excess of thiol is used
for the reduction step. Similarly, no difference in the final recombination yield was
observed when the reaction time of the thiol with the S-sulfonate of the A chain was
varied from 4 to 8 min. To eliminate as much as possible any mechanical losses in
the process of securing the reduced A chain, extraction with ethyl acetate was used
to remove the excess of mercaptoethanol after termination of the reduction step,
omitting completely isoelectric precipitation and washings with aqueous buffer
solutions. The sulfhydryl form of the A chain thus obtained was mixed with the
S-sulfonate of the B chain and allowed to react in dilute solution (ca. 2.5 mg of pro-
tein/ml) of glycine buffer, pH 10.6 at 20C for 18 to 22 hr. In 20 experiments
the yield of insulin formed ranged from 60 to 80 per cent of theory. This yield is
calculated on the basis of the S-sulfonate of the B chain used (uncorrected for water
content of the chains which amounts to 5% per chain). When the recombination re-
action is carried out by the same method but with large excess of B chain S-sulfonate,
the yield of the insulin formed is only 17-21 per cent of theory, as calculated on the
basis of the S-sulfonate of the A chain used prior to its conversion to the sulf-
hydryl form. From the recombination mixture of natural bovine insulin chains,
crystalline insulin (Fig. 3) with a specific activity of 24 units was obtained with the
method of isolation described by Smith.
We have recently used this novel method for combining our synthetic sheep in-

sulin chains with the respective natural chains which have been prepared by oxida-
tive sulfitolysis of bovine insulin. When the sulfhydryl form of the synthetic
sheep insulin A chain5' 20 was recombined with the S-sulfonate form of the natural
B chain of bovine insulin, the respective hybrid insulin was generated in yields
ranging from 25 to 33 per cent (based on the B chain S-sulfonate used). Combina-
tion of the reduced, natural bovine insulin A chain with the synthetic S-sulfonate
form of sheep insulin B chain6 led to the formation of the respective hybrid insulin
in yields ranging from 10 to 13 per cent of theory (based on the B chain S-sulfonate
used). Both hybrid (the one chain synthetic and the other chain natural) insulins
have been isolated in crystalline form.9' 21 The reason the synthetic chains have a
lower efficiency in generating insulin than have the chains prepared by oxidative
sulfitolysis of natural insulin is not as yet clear. However, it might be pointed out
that in the preparation of the sulfonates of the synthetic insulin chains the final step
is treatment of the intermediate protected chains with sodium in liquid ammonia
followed by oxidative sulfitolysis.5-8 When the S-sulfonates of the natural chains
were prepared by sodium in liquid ammonia cleavage of insulin followed by oxida-
tive sulfitolysis, they also exhibited a lower efficiency in generating insulin upon
recombination. Specifically, when the S-sulfonate of the B chain had been pre-
pared by the sodium in liquid ammonia route, the recombination yield was only 8
per cent; when the S-sulfonate of the A chain had been prepared by the sodium in
liquid ammonia route, the recombination yield was 10 per cent. The nature of
this phenomenon is now under investigation in our laboratory.
Summary.-A procedure is described by which natural chains prepared by oxida-

tive sulfitolysis of bovine insulin are recombined to produce insulin in yields ranging
from 60 to 80 per cent of theory. This procedure has been applied with favorable
results to the combination of the synthetic chains of sheep insulin with the corre-
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sponding chains of bovine insulin. The high recombination yields strongly suggest
that as far as insulin is concerned, the essential information for the proper align-
ment of the insulin chains to produce the protein is contained within the primary
structure of the chains.
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lization of insulin produced by the recombination of the natural chains. They further wish to
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